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Abstract Constitutive, high-level expression of the po- 
tentially therapeutic WAF-l/CIP-l/SDI-1 gene is incom- 
patible w.th ceil growth. A promoter conversion retrovi- 
ral vector carrying the WAF-l/CIP-l/SDI-1 gene under 
the transcriptional control of the glucocorticoid inducible 
j)romotei^f mouse mammar y tumor virus was used to 
■ff^^raiLblad^^ feline kidney cells 

Reduced cell growth due to a greater proportion of cells 
being in the Go/G, phase of the cell cycle was observed 
when WAF-I/CIP-l/SDI-1 expression'was actiS 
addition of glucocorticoid hormone. This system demon- 
i/rlo wcn^T."'!^' long:term therapeutic use of WAF- 
1/CJP-l/SDI-l delivered by retroviral vectors for inhibit-' 
ing the growth of rapidly proliferating cells. Moreover 
^^P'^ession of genes such as WAF-l/CIP- 

vc e f K T "^''"'^ '"^y facilitate anal- 

>sis or the ir function. 
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Introduction 

Recently three cDNAs have been identified that cause 
growth arrest when transfected into young, actively di- 
viding cells [1]. One of these sequences, senescent cell- 
derived inhibitor (SDI) 1, has also been independently 
cloned by other groups as (a) cyclin-dependent kinase in- 
hibitor (CIP) 1 [2], (b) a gene. WAFI, that is induced by 
p53 [3], and (c) a gene involved in melanocyte differenti- 
ation [4]. Thus the same gene has a central role in a 
number of cellular processes that have in common the 
abrogation of cell proliferation, implicating this gene as 
being involved in cell cycle control. WAF-l/CIP- I/SDI-1 
has been shown to be overexpressed in senescent cells, 
quiescent cells, and cultured primary cells undergoing 
crisis, suggesting a role in the maintenance of DNA syn- 
thesis inhibition [1]. Further, evidence has been present- 
ed that the WAF-l/CIP-l/SDI-l mediated inhibition of 
DNA synthesis occurs via an inhibition of Cdk activity 
[5]. These findings, together with the demonstration that 
WAF-l/CiP-l/SDI-1 inhibits cell growth of young divid- 
ing cells, suggest that this gene may be useful for gene 
therapy. Expression of this gene could be used to slow 
the growth of rapidly proliferating cells in diseases such 
as restenosis, in which smooth muscle cells divide inap- 
propriately. 

Although high-level constitutive expression of WAF- 
I/CIP-I/SDI-1 is desirable for in vivo therapeutic use of 
this gene to prevent proliferation of rapidly dividing 
ceils, in in vitro model systems WAF-l/ClP-l/SDl-1 ex- 
pression may be so efficient as to prevent cell growth for 
the isolation of cell clones. In such in vitro model sys- 
tems only cell clones that express low levels of WAF- 
1/CIP-l/SDI-l would be able to grow, and we have ob- 
served this in previous experiments (S.M.. W.H.G.. and 
B.S.. unpublished data). Expression of WAF-l/CIP- 
1/SDM from an inducible vector would circumvent this 
problem, allowing the establishment of clones carrying 
the inducible WAF-l/CIP-l/SDI-1 construct in the ab~ 
sence of WAF-l/ClP-l/SDI-i expression, followed by 
the characterization of the effects of inducible WAF- 
l/CIP-l/SDI-1 expression. 

Here we report the introduction of a cDNA encoding 
WAF-l/CIP-l/SDI-1 into a novel type of retroviral vec- 
tor (ProCon) that is able to undergo promoter-conversion 
after infection. The glucocorticoid hormone inducible 
promoter of mouse mammary tumor virus (MMTV; for a 
review see [6]) was chosen for this analysis. After infec- 
tion of cells clones were isolated that show little or no 
expression of WAF-l/ClP-l/SDI-1 in the absence of glu- 
cocorticoid hormone. Subsequent treatment of these cells 
with such hormones resulted in enhanced WAF-l/CIP- 
l/SDI-1 expression. This expression is associated with a 
decreased growth rate and a tendency for these ceils to 
accumulate in the G, phase of the cell cycle. These data 
suggest that in vivo expression of WAF-l/CIP-l/SDI-l 
under the control of a strong constitutive promoter may 
prove useful for the treatment of proliferative disorders. 



Materials and methods 

Construction of ProCon SD! retroviral vector 

The WAF-i/CIP-l/SDI-1 cDNA insen was isolated from the plas- 
mid pSDI 1 [ 1 1 by PCR using two primers: 

- SDInl: 5'-TATGGACGTCTCCCTGCCGAAGTCAGTT-3' 

- SDln2: 5'.TATGGGATCCGGCAGAAGATGTAGAGCG-3' 
carrying BamH\ (bold sequence) and AotW (bold sequence) resiric- 
lion sites as extensions. The plasmid pl25.gal, carrying a retrovi- \ 
rai vector derived from pBAG [7], in which the whole U3 region 
of the 3' long terminal repeal (LTR) was replaced with the U3 re- 
gion of MMTV. was digested with AaiU and BoinH\ (Fig. I). The 
resulting 5-kb vector containing fragment was iigaied to the SDI 
fragment, creating the plasmid pi 25. SDI (Fig. 1). In order to ex-/ 
tend the retroviral packaging signal pi 25. SDI was digested with 
Aarll and AflW, and the resulting 4.9-kb fragment was blunt-ended 
and ligaied to a 3. 5-kb blunt-ended £coRl//\y7III fragment of 
pLXSN [8]. yielding the plasmid pLXS-SDI 1 (Fig. I). 



Cell culture and growth assay 

EJ [9]. CRFK [10]. and PA317 retrovirus packaging cells [II] 
were routinely cultured in Dulbecco's modified Eagle's medium 
(DM EM) containing \09c fetal calf serum (FCS). For growth stud- 
ies 5000 EJ or CRFK cells were plated in each well of a six-well 
plate (Falcon) in DMEM containing \Q9c FCS either with or with- 
out 10"^ M dexamethasone. After 7 days the cells were fixed in 
methanohaceiic acid (3:1 ) and stained with Giemsa (Fisher So-G- 
28). 



Transfections and infections 

The cells were seeded in lO-cm tissue culture dishes at a density 
of 2x10^ cells I day prior to lipofeciion and then lipofected with 
4 |.ig plasmid and 2 jig pHCMV-G [12] using the lipofectamine kit 
from GIBCO/BRL according to the manufacturers instructions. In- 
fections were performed essentially as described previously [12. 
13]. Briefly. 24-h conditioned cell culture medium from 2x10^ 
125SDI/PA3I7 cells was passed through 0.45 |im Millipore filters, 
polybrene added to a final concentration of 8 ^g/ml and 2 ml used 
to infect 1x10^ EJ cells in a lO-cm culture. After 4 h incubation 
6 ml medium was added and the cells cultured overnight. The cells 
were trypsinized and one-fifth of the total amount of cells was 
seeded in a new culture dish. After 24 h the cell culture medium 
was changed to DMEM containing 800 |ig/ml G418. and 14 days 
later resistant cell clones were isolated. 



PCR analysis and hybridization 

Genomic DNA was prepared [14] and used for PCR. Each PCR 
reaction contained I |jg genomic DNA and 0.4 \xM of each primer. 
MMTV U3 specific primers (A: 5'-TAGGTGGGTCACAATCAA- 
C-3': B: 5'-GACCACAGCCAACTTCCTCTTACA-3') or a murine 
leukemia virus (MLV) R region specific primer (C: 5'-GCGCCA- 
GTCTTCCGATA-3') or an MLV U3 primer (E: 5'-CAGTTCGC- 
TTCTCGCTTCTGTTCG-3') was used in combination with an 
SDI coding sequence specific primer (D: 5'-CGGCTCAACAAG- 
GAACTGAC-3'). PCR reactions were performed in a Perkin El- 
mer Cetus thermal cycler 9600 for 35 cycles (each cycle: I min at 
94''C for denaturation: annealing at 55°, 53°. 56*". or 57'*C for 
primer pairs A+D, B+D. C+D. and E+D. respectively; elongation 
at 72°C for 5 min). PCR products were separated on 0.8% agarose 
gels and then transferred onto nylon filters (Zela probe GT. Bio- 
Rad. Munich). Hybridization probes were ^-P-Iabeled using a ran- 
dom primer kit (Pharmacia. Ready-to-go). Prehybridization and 
hybridization of the probe to the filter bound PCR products and 
filler washing was performed according to the milk powder melh- 
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Fig. 1 Retroviral vector clon- 
ing strategy. A 666-bp frag- 
ment containing the 50/7 gene 
and Aatll and BamH I restric- 
tion sites as indicated, was am- 
plified by PCR using pSDII as 
a template and SDInl with 
SDIn2 as primers. The frag- 
ment was cloned into pi25.gal. 
using Aatll and BamHl restric- 
tion sites, thereby replacing the 
P-galactosidase gene with 
WAF-l/CIP-l/SDl-I.The new 
vector was named pl25.SDI. 
After digesting pI25.SDI with 
Aatll and A/Ill the 491 i -bp 
fragment was isolated, blunt- 
ended, and ligated with a blunt- 
ended 3529-bp fragment result- 
ing from a EcoRl/Afllll digest 
of pLXSN, The new vector was 
named pLXS-SDII. Restriction 
sites shown are ones used for 
cloning. Black arrows, MMTV- 
U3 region containing the induc- 
ible promoter: Ext, the location 
of the extended packaging sig- 
nal: neo, amp, location of the 
neomycin and ampicillin resis- 
tance genes, respectively: 
pBRori, location of the origin 
of replication; SV40pr, location 
of the SV40 promoter 
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od [14|. Hybridization signals were visualized using a Fuji pho- 
sphoimaging system (BAS 1000). 



Fluorescent activated cell scanning 

EJ cells {5x10*'') were seeded into T-225 flasks and cultured in 
DMEM containing 39Er PCS with or without 10"^ M dexametha- 
sone (Sigma. Germany). To avoid growth inhibition due to cell-to- 
cell contact cells were grown only until they reached 40-5091: con- 
fluence. For cell cycle analysis the DNA was stained accordins to 
the micronuclei method [15]. In brief, cells were trypsinized Ox 
trypsin, Gibco/BRL. GB) and washed once with phosphate-buf- 
fered saline. Cells (10'') were resuspended in 1 ml solution I 
[10 mM NaCl. 3.4 mM Na-citrate, 10 mg/l RNase A (Serva. Ger- 
many): 0.3% Nonidet P-40 and 25 mg/l ethidium bromide (EB: 
Sigma, Germany)]. After 60 min of incubation at room temparat- 



ure I ml solution 2 (0,07 mM citric acid. 0.25 M sucrose, and 
40 mg/l EB) was added and the cells kept on ice until measure- 
ment. Fluorescent-activated cell scanning was performed with an 
FACSCalibur [Becton Dickinson: excitation of EB with an argon 
laser, 488 nm: EB fluorescence was detected with a long pass filter 
(LP 640)|. A first gate was set to exclude unspecitlc debris from 
the nuclei according to side scatter and forward scatter. A gate in 
the fluorescence 2 width-fluorescence 2 area dot plot was used to 
exclude doublets. The DNA content was estimated using a fluores- 
cence 2 area histogram. Cell cycle distribution was anafyzed using 
the MOD FIT LT program (Verity Software House). 



SI nuclease protection 

Total RNA was isolated from cells grown in the presence or ab- 
sence of 10-^ M dexamethasone and 40 |ig hybridized to a •'-P end 
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Fig. 2A, B DNA analysis of transduced ceils. A Schematic repre- 
sentation of the retroviral vector pLXS-SDIl before and after in- 
mA'^-x/^J'^"^^^ ''^^'^^^^ transcription. MLV {open boxes) and 
MMTVAdotred boxes) derived U3 regions as well as MLV derived 
R and U5 regions, the SDI gene. pBR origin. SV40 promoter and 
neomycm resistance gene are shown. The U3, R, and U5 resion 
comprise the LTR, The enlarged region of the retroviral vector 
Shows the approximate locations of the primers used for PGR am- 
plification, the sizes of their products and the radioactive probes I 
{AanixEcoR}) and II (Psrl) used for hybridization. B Hybridiza- 
n°MA*^ -ru*^^ products which are derived from human genomic 
UNA. he DNA was isolated from a human bladder carcinoma ' 
I Yc c ^'^^^^ ^^^^ infected with the retroviral vector 
?7c A ^'S* Psirs used for PGR: B/D. lane 

1/5: A/D lane 2/6: D and MLV U3 specific primer E (location not 
shown) lane 3/7: G/D. lane 4. PGR products were hybridized with 
probe I {lanes J^) or II {lanes 5-7). The expected DNA fras- 
ments of 1560 bp and I960 bp were delected using probe I {lants 
^) or probe II {lanes 5. 6) only after successful promoter con- 
version. The DNA fragment of 1062 bp is delectable as expected 
even without promoter conversion but only with probe I {lane 4) 
LMnes 3 and 7, no fragment is detectable either with probe I or 
vvun probe II because the complementary sequence for the MLV 
vers "^""^^^ ^ P""^^^"^ ^^^^^ successful promoter con- 



labeled 1.6 kb Bsa\ MLV-specific DNA fragment (Fig. 3), as pre- 
viously described [13]. Briefly, after hybridization overnight at 
45 C. the samples were digested with SI nuclease (80 U 1 h) 
phenol extracted to remove protein and precipitated in 1Q% etha- 
noi The pellets were dried, resuspended in Sanger sequencing 
buffer, and separated on a 6% denaturing polyacrylamide gel 



Western blotting 

Inc DA^ji/'''*.^'" l''^'''^^' "^^'^ separated on 14% 

:>D5>-PAGE gels as described previously [13]. After transfer of the 
protems to nitrocellulose (Schleicher & SchulK BA83 0 2 urn) us- 
mg the semidry transfer method with a BioRad Trans Blot SG 
nonspecific binding sites were blocked with \% BSA in TEST 
(10 mM Tris pH8,0, 150 mM NaGl. 0.05% Tween 20). The nitro- 
cellulose filter was incubated with a 1:500 dilution (TBST) of a 
wr^l antibody that recognizes a determinant of 

p2iwAF-i/ciP.i/SDi-i (Santa Gruz Biotechnology. Santa Gruz, USA) 
tor 90 min at room temperature. The filter was then washed three 
times with TBST and incubated with anti-mouse antibodies cou- 
pled to alkaline phosphatase for 60 mins. After three TBST wash- 
es the filter was transferred into a developing solution consisting 
of 198 \i\ nitroblue tetrazoiium (50 mg/ml in 70% dimethyl form- 
amide), 99 \i\ 5-bromo-4-chloro-3-indolyl phosphate (50 mg/ml in 
707c dimeihylformamide) in 30 ml AP buffer (100 mM Tris 
pH 9.5. 100 mM NaCl, 5 mM MgGI,), and the color development 
reaction was stopped with distilled water 
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Fig. 3A, B SI nuclease protection analysis. A Schematic repre- 
senlaiion of the retroviral vector LXS-SD! I after infection and re- 
verse transcription and of genomic-lengih RNA initiated at the 
U3/R boundary. The enlarged region shows the -*-P end labeled 
probe used for S I protection analyses. A 1 .6-kb 55^1 DNA probe 
was used to detect the presence of mRNA originating from the 
retroviral vector. The size of the protected fragment (89 nt) is indi- 
cated, as is the position of the -^-P end labelV)- B Inducible ex- 
pression of mRNA. To confirm transcription originating from the 
retroviral vector 40 |ig total RNA isolated from an infected EJ 
clone (c7) grown in the absence (-) {Uines 3, 7) or presence (+) 
{lanes 4, 8) of dexamethasone {Dex) and from noninfected EJ cells 
{EJ) grown in the absence {lanes I, 5) or presence {lanes 2. 6) of 
Dex was isolated and hybridized to the -^-P end labeled Bsa\ DNA 
fragment {lanes 7-^). A -^-P end labeled single-stranded 100 nt 
GAPDH DNA fragment was used as a control to demonstrate 
equal RNA input. The protected retroviral vector specific fragment 
of 89 nt can only be detected in RNA derived from the infected 
clone (c7) grown in the presence of Dex {lane 4), whereas the pro- 
tected fragment of 199 nt from control GAPDH RNA was detected 
in all samples {lanes 5-8) 



Results 

A promoter-conversion (ProCon) retroviral vector 
carrying an inducible SDI gene 

Elevated expression of WAF-l/CIP-l/SDI-l is associated 
with G, arrest and cell senescence. However, our original 
observations suggested that constitutive expression of 
WAF-l/CIP-l/SDM selected for a population of cells 
that had downregulated WAF-I/CIP-l/SDM expression 
(S.M., B.S., and W.H.G., unpublished data). According- 
ly, we utilized a novel class of retroviral vector (ProCon) 
in which the inducible MMTV promoter is inserted into 
the vector construct in place of the normal retroviral pro- 
moter carried in the 3' LTR [16]. This allows expression 
of the retroviral genomic RNA molecule from the MLV 
promoter in the 5' LTR in retroviral packaging cells, but 
as a consequence of reverse transcription the conditional 
MMTV promoter is used to drive the expression of the 
SDI cDNA in infected cells (pLXS-SDIl ; Fig. I), 

Human bladder derived EJ cells and feline kidney 
(CRFK) cells were infected with the LXS-SDIl retrovi- 
ral vector and G418-resistant cell clones obtained. Ge- 
nomic DNA was prepared from a number of clones and 
PGR performed to demonstrate that they had acquired 
the retroviral construct, and that promoter conversion 
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Fig. 4 Inducible expression of the p2l SDI I protein. To confirm 
the presence of the p2l SDM protein coded by the LXS-SDM 
vector total protein from two CRFK clones (c2. lanes /. 2; c5. 
lanes 4) grown in the presence {lanes I. 3) or absence {lanes 2. 
4) of Dex and total protein from noninfected CRFK cells grown in 
the presence {lane 5) or absence {lane 6) of Dex was extracted and 
used in a western blot using mouse anti-p21 SDI- 1 monoclonal an- 
tibody. p2l SDM protein can be detected only in infected CRFK 
clones (c2 and c5) grown in the presence of Dex (lanes 1 and 3. 
respectively) 



had occurred. PGR products of 1960 and 1560 bp were 
obtained using either of two MMTV-specific primers 
(Fig. 2A; primers A and B) in combination with a second 
primer (Fig. 2A; primer D) specific for WAF-l/CIF- 
1/SDI-l coding sequences. These products hybridized to 
MLV-^' region [(Fig. 2B, probe L lanes 1 (primers B and 
D) and 2 (primers A and D)] and MMTV-U3 [probe IL 
lanes 5 (primers B and D) and 6 (primers A and D)] spe- 
cific probes. The product in lane 5 hybridizes only very 
weakly to the MMTV-U3 probe since only one-fifth of 
probe II is homologous to the PGR product. A l062-bp 



EJ 




825 



EJ c7 after 4 days 



100 



7S 



so- 



Fig. 5A, B Growil) regulaiory potential orp2l SDIl protein To 

EJ cells. 5000 EJ or EJ intecied with pLXS-SDil (clone 7) cells 
were seeded m each well of a six-well plate, and Dex was added 
+) or not (-) as indicated. After 7 days the cells were fi.xed and 
Txl^nu ^T''. ') "^"■••^•^"le when the 

fhnn • 7^. 'u ^ presence of Dex 

than in the ab.sence of the synthetic hormone. B A quantitative 

cou£°/h"'' ^T'^ "P'-'-'^^'°" determined by 

counting the number and size (area) of colonies aftergrowth in the 
absence and presence of dexamethasone. Shown are the percentag- 
es of colonies of the given size cla.sses. Each size class unit ( vr/vA ) 
represents an area of 2 mmx2 mm at a magnification of x32 ' ' " 
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w generated using a primer specific for the 

MLV-R region (Fig. 2A. primer C) in combination with 

h ^li j""'" P""'''^ hybridized only to 

tne MLV probe (Fig. 2. lane 4) and not with the MMTV 
probe (lane 7). as expected. No products were observed 
u;a"I wir^''^^ ^P^'^'^'^ primevs in conjunction with the 
WAF-l/CIP-l/SDI-1 pritner (primer D: Fie. 2. lane 1) 
ihese data verify that promoter conversion had indeed 
occurred, placing the SDI coding sequences under the 
control of the dexamethasone-inducible MMTV promot- 



fnducible expression of WAF-l/ClP-l/SDI-l 
in infected cells 

transcription of mRNA is under control of 
ine MMTV promoter and thus can be enhanced by the 



addition of dexamethasone RNA was prepared from the 
clones and used for an SI nuclease analysis The 32p end 
labeled probe used should protect an 89 nt fragment 
which corresponds to sequences from the R and part of 
the U5 region of the MLV LTR (Fig. 3, panel A). This 
fragment was protected by RNA from a representative EJ 
clone (clone 7) only when these cells were grown in the 
presence of dexamethasone (Fig. 3. panel B, lane 4). No 
protected fragment was seen using RNA from the same 
cells grown in the absence of dexamethasone (lane 3), 
indicating that RNA expression was indeed induced by 
the synthetic glucocorticoid. Other clones showed basal 
expression in the absence of dexamethasone which was 
enhanced by hormone treatment (not shown), as previ- 
ously observed when using the MMTV LTR for condi- 
tional expression of heterologous genes (17 18] 

The inducibility of WAF-l/CIP-l/SDI-'l expression 
was also observed at the protein level. Proteins were ex- 
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Fig. 6 Fluorescent-activated cell scanning of proportion of cells 
in the stages of the cell cycle. EJ cells (A^B) and an EJ SDI clone 
(C. D) were grown either in the absence (A. C) or presence (B. D) 
of 10-^ M dexamethasone. The DNA content of cells was estimat- 
ed using the fluorescence 2 area histogram, and the cell cycle dis- 
tribution is shown 



traded from two of the infected CRFK cell clones 
(clones 2 and 5) grown either in the presence (Fig. 4. 
lanes 1 and 3) or absence (lanes 2 and 4) of dexametha- 
sone and analyzed by western blotting using a monoclo- 
nal antibody specific for the p2l^>\F-'/ciP->/SDi-i protein. 
This protein was detected only after treatment of the 
ceils with dexamethasone (Fig. 4, lanes 1 and 3), 



Growth properties of infected ceils 

In order to test whether the induction of p2P^-^f'-i/ciP- 
i/SDi-i expression is associated with reduced cell prolifer- 
ation, infected EJ cells were sparsely seeded in medium 
containing or lacking dexamethasone, and after 7 days 
the cells were fixed and stained. Infected EJ cell clone 7 
(Fig. 5A, c7) showed less growth after induction of 
WAF-l/CIP-l/SDI-l expression by dexamethasone treat- 
ment (Fig. 5A, c7+) than its nontreated counterpart 
(Fig. 5A, c7-). This effect is not due to the dexametha- 
sone since control noninfected cells do not show reduced 
growth in the presence of dexamethasone (Fig. 5 A, EJ-f). 
The growth inhibitory effects of SDI expression were 
quantitatively assessed (Fig. 5B). The percentage of col- 
onies of different sizes was compared for EJ cells and in- 
fected EJ cell clone 7 cells grown in the presence (filled 
boxes) or absence (open boxes) of dexamethasone after 4 
and after 7 days growth. After 4 days in culture in the 
presence of dexamethasone the colonies of EJ cells in- 
fected with the SDI virus (EJc7) were smaller (approx. 
70% of the cells in size group <1) than the noninfected 
(EJ) cells (approx. 37% of the cells in size group <1). 
The addition of dexamethasone only marginally affected 
the size of colonies of the noninfected cells (compare 
filled and open bars in the EJ graph). In contrast, a 20% 
increase in the number of smaller colonies was visible 



for the SDI-infected cells, after 4 days growth (compare 
filled and open bars in the EJc7 graph). After 7 days the 
noninfected EJ cells reached confiuency. Colonies from 
the SDI infected cells (EJc7), however, could still be dis- 
tinguished, and these cells grown in the presence of 
dexamethasone showed a dramatic shift towards the 
smaller size range (filled bars) than the same cells grown 
in the absence of dexamethasone (open bars). 

Fluorescence-activated cell scanning of infected cell 
clones was also performed to determine the proportion of 
cells in various stages of the cell cycle. Dexamethasone 
treatment of EJ cells results on average in a nonspecific 
4.7% increase in the number of cells in the Gq/G, phase 
and a 4.2% decrease in the number in the S phase. Fig- 
ure 6 presents a typical experiment showing a nonspecif- 
ic increase of 2.4% in the G(/G, phase (compare panels 
A and B). Dexamethasone treatment of the representative 
infected EJ clone 7 in this experiment resulted in a 
13.3% increase of cells in the Gy/G, phase and a de- 
crease of 10.3% for cells in the S phase (Fig. 6; compare 
panels C and D). The average increase of cells in the 
Gq/G, phase that we have recorded is 1 1.9%. A similar 
effect was seen with the CK cell clones. Dexamethasone 
treatment of CK cells results in faster cycling and thus a 
11% decrease in the percentage of cells in the G(/G, 
phase. In contrast, two clones of infected CK cells ex- 
pressing p2P^''^F-i/ciP-i/SDi-i after dexamethasone treat- 
ment showed an average 5% increase of the percentage 
of cells in the Gq/Gi phase (not shown). Taking into ac- 
count the stimulatory effect of dexamethasone on these 
cells, this converts to an increase in the Gq/Gj phase of 
about 15%. 



Discussion 

p2iWAF-i/C!P-i/SDi-i is associated with checkpoint control 
during progression through the cell cycle. Progressive el- 
evation of WAF-l/CIP-l/SDI-l expression is also seen as 
ceils lose their proliferative capacity during senescence 
in culture [1]. These findings suggest that the constitu- 
tive overexpression of p2lWAF-i/ciP-i/SDi-i jg useful for 
gene therapy approaches to treat diseases that are charac- 



lerized by rapid proliferation of cells such as is found in 
certain cancers and vascular diseases such as restenosis 
119]. 

Retroviral vectors are ideal gene transfer vehicles for 
stable therapeutic gene delivery to rapidly dividing 
cells. These vectors are usually derived from MLV, and 
the therapeutic gene is expressed either from the MLV 
promoter or from a second internal heterologous pro- 
moter [20]. In initial experiments we inserted the WAF- 
I/CIP-I/SDI-I cDNA into a retroviral vector under the 
control of the constitutively active MLV promoter. Intro- 
duction of this construct into cells in culture, by either 
transfection or infection.. resulted in fewer than expected 
colonies and low or undetectable expression of WAF- 
l/CIP-l/SDI-1 in isolated clones, probably since high- 
level expression of this gene product is not compatable 
with cell growth. Nevertheless, some of these clones 
showed a reduced ability to form tumors when injected 
into nude mice (S.M., B.S., and W.H.G.. unpublished 
data). 

The glucocorticoid inducible promoter located within 
the MMTV LTR has been coupled to the coding se- 
quences of many different genes, and the effects of^sene 
expression can therefore be analyzed in the same cell be- 
fore and after glucocorticoid induction of gene expres- 
sion [6]. We have recently constructed a novel ProCon 
retroviral vector, based upon MLV. in which the MLV 
retroviral promoter used in the infected cell can be re- 
placed by any promoter of interest [16]. In this study 
such a vector was modified to carry WAF-l/CIP-l/SDI-l 
coding sequences under the transcriptional control of the 
MMTV promoter after infection. 

A number of cell clones infected with this retroviral 
vector were obtained and analyzed. It was demonstrated 
that proinoter conversion actually occurs in the infected 
cells, and the WAF-I/CIP-I/SDI-1 gene was thus 
placed under the transcriptional conirofof the MMTV 
promoter (Fig. 2). Further, the expression of WAF- 
l/CIP-l/SDI-l was upregulated by treatment of the 
cells with the synthetic glucocorticoid dexamethasone 
(Figs. 3. 4). Induction of p2P^''^F-i/CiP-i/SDi-i expression 
was associated with reduced proliferation (Fig. 5) an 
increased number of cells in the Gf/G, phase of the cell 
cycle, and a corresponding decrease in the number of 
cells m the S phase. Taken together these data verify 
that overexpression of p2P^'AF-i/ciP-i/SDM inhibits cell 
proliferation. In the absence of dexamethasone the 
MMTV promoter is weakly active: however, addition of 
dexamethasone augments promoter activity and can 
give expression levels typical of a constitutive promot- 
er, such as MLV. in some clones [17, 18]. Thus the lev- 
els of expression obtained in this study, although high 
enough to show moderate growth inhibitory effects, 
could theoretically be increased even further if stronaer 
promoters were used. For actual gene therapy this 
would be both desirable and advisable. 

Although retroviral vectors based upon MMTV have 
been constructed for gene transfer, current generations of 
these vector systems are inefficient, in part due to the 



more complex regulation of MMTV than that of MLV 
Such vectors may also deliver genes to only certain cell 
types [6]. Nevertheless MMTV vectors have been shown 
to give mducible expression of therapeutic genes, such as 
tumor necrosis factor-a, albeit after transfection [18] 
The alternative approach taken here combines the rela- 
tively efficient MLV vector system with the inducible 
MMTV promoter. The replacement of the MLV promot- 
er with that of MMTV rather than the internal insertion 
of the MMTV promoter in addition to the MLV promoter 
may avoid the problem of promoter interference that of- 
ten results in the loss of expression from the MLV pro- 
moter (discussed in [20]). 

Overhauser and Fan inserted a 335-bp fragment from 
the MMTV LTR carrying the glucocorticoid response el- 
ements into the MLV LTR and generated infectious re- 
combmant MLV used for infection of NIH3T3 cells 
Dexamethasone treatment of cells infected with this hy- 
brid virus resulted in only a two- to fourfold increase in 
expression [21]. This is presumably due to interference 
between the MLV enhancers and the MMTV sequences 
In our studies reported here the MLV promoter was com- 
pletely replaced with that of MMTV and an induction of 
expression at least ten-fold was observed. This is similar 
to the expression induction that was previously seen 
from recombinant constructs in which the complete 
MMTV LTR is linked to heterologous coding sequences 
[6. 17. 18]. 

Recently it has been shown that p21 waf-i/cip-i/sdm 
involved in normal proliferation control of smooth mus- 
cle ceils [22], and adenoviral vector mediated delivery of 
this gene to these cells or to tumor cells has antiprolifer- 
ative effects [22. 23]. However, these vectors, in contrast 
to retroviral vectors, do not integrate their DNA into the 
cell DNA and eventually may be lost [24]. Regardless of 
the vector system used, long-term therapeutic benefit 
may be possible only if all or the vast majority of tumor 
cells receive and express WAF-l/CIP-l/SDM since 
there is no evidence of a bystander effect [23]. Our stud- 
ies presented here, using a conditional retroviral vector 
expressing p2l vvaf.!/cip-i/sdm inducible manner 

have allowed direct demonstration that in the same cell 
expression of WAF-l/CIP-I/SDM results in growth in- 
hibition as evidenced by reduction in colony size and an 
increased proportion of cells in the G^/G, stase of the 
cell cycle. Clearly such an inducible vector provides a 
useful tool to examine the mechanism by which SDI in- 
hibits cell proliferation and influences the differentiation 
and aging status of cells. 
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